Plants under herbivore attack are able to initiate indirect defense by synthesizing and releasing complex blends of volatiles that attract natural enemies of the herbivore. However, little is known about how plants respond to infestation by multiple herbivores, particularly if these belong to different feeding guilds. Here, we report the interference by a phloem-feeding insect, the whitefly Bemisia tabaci, with indirect plant defenses induced by spider mites (Tetranychus urticae) in Lima bean (Phaseolus lunatus) plants. Additional whitefly infestation of spider-mite infested plants resulted in a reduced attraction of predatory mites (Phytoseiulus persimilis) compared to attraction to plants infested by spider mites only. This interference is shown to result from the reduction in (E)-␤-ocimene emission from plants infested by both spider mites and whiteflies. When using exogenous salicylic acid (SA) application to mimic B. tabaci infestation, we observed similar results in behavioral and chemical analyses. Phytohormone and gene-expression analyses revealed that B. tabaci infestation, as well as SA application, inhibited spider mite-induced jasmonic acid (JA) production and reduced the expression of two JA-regulated genes, one of which encodes for the P. lunatus enzyme ␤-ocimene synthase that catalyzes the synthesis of (E)-␤-ocimene. Remarkably, B. tabaci infestation concurrently inhibited SA production induced by spider mites. We therefore conclude that in dualinfested Lima bean plants the suppression of the JA signaling pathway by whitefly feeding is not due to enhanced SA levels.
A n important indirect defense of plants against herbivores is the emission of plant volatiles that provide important foraging cues for natural enemies of the herbivore (1, 2) . Attraction of parasitoids or predators by herbivore-induced plant volatiles (HIPVs) has been well-demonstrated in many plant species both in the laboratory (2) and in the field (3) . With regard to the underlying mechanisms, it has been demonstrated that the octadecanoid pathway, with the plant hormone jasmonic acid (JA) as central component, plays an important role in regulating HIPV emission (4, 5) , although the shikimic acid and ethylene pathways can play roles as well (6) (7) (8) (9) (10) . For example, in Lima bean plants, a transient increase of endogenous JA in leaves is involved in the induced synthesis of HIPVs (11) , and application of exogenous JA to leaves leads to the induction of a volatile blend similar to the HIPV blend induced by spider mites (12) . Conversely, blocking JA synthesis or its action results in the reduction of volatile emission (7) , and consequently interferes with the attraction of predators to herbivore-damaged plants (5) . However, only few studies on indirect plant defense have considered plants attacked by multiple herbivore species (13) (14) (15) , whereas this is a widespread phenomenon in nature (16, 17) . This is especially interesting when it concerns herbivore species that belong to different feeding guilds, such as parenchymal cell content feeders and phloem feeders (18) .
Plants respond to herbivores belonging to different feeding guilds by activating distinct signal-transduction pathways. For instance, chewing herbivores predominantly activate the jasmonic acid (JA) signaling pathway, whereas phloem-feeding insects, such as whiteflies and aphids, frequently activate the salicylic acid (SA) signaling pathway (19) (20) (21) . Moreover, evidence is accumulating that the SA and JA signaling pathways can mutually affect each other. For example, SA suppresses JAdependent defense gene expression (22) (23) (24) , possibly through inhibiting JA synthesis or its action (25) . Similarly, JA has been shown to negatively affect SA-dependent gene expression (22) . In some cases, synergistic effects between the two signaling pathways have been described (26) . Cross-talk between different defense signaling pathways has important consequences for the evolution of plant defense, as it can influence the amount of damage suffered by plants and subsequently influence selection pressure on defense response (27) .
Based on the observations that infestation by phloem-feeding insects may induce SA-dependent genes while suppressing JAdependent genes (19) (20) (21) , and possible cross-talk between JA and SA signaling pathways (28), we hypothesized that infestations by phloem-feeding insects would affect the emission of HIPVs induced by herbivores whose feeding behavior triggered JA-mediated responses, and will consequently interfere with the induction of HIPV-mediated indirect plant defense. Here, we demonstrate that infestation by the generalist whitefly, Bemisia tabaci, interferes with the indirect defense of Lima bean plants in response to generalist spider mites (Tetranychus urticae) through inhibition of the JA signaling pathway induced by the latter.
Results
Predatory Mite Olfactory Preference Behavior. We first investigated the choice of predatory mites between plants infested with spider mites only and plants infested with spider mites plus whiteflies, to establish the effects of whitefly density and the time sequence of feeding by spider mites and whiteflies. Increasing the whitefly density negatively correlated with the attraction of predatory mites to plants infested with whiteflies and spider mites. This occurred for all three sequential combinations of spider mites and whiteflies; that is, (i) first spider mite infestation followed by whitefly infestation, (ii) first whitefly infestation followed by spider mite infestation and (iii) simultaneous infestation with spider mites and whiteflies (Fig. 1A) . At densities Ͻ13 adults per leaf, B. tabaci did not negatively interfere with the attraction of predatory mites to T. urticae-infested plant volatiles in the Y-tube two-choice olfactory bioassays (Fig. 1 A) . However, at higher densities, B. tabaci feeding resulted in reduced attraction and at 50 adults per leaf, B. tabaci interfered with predatory mite attraction, regardless of feeding sequence (Fig. 1 A) .
In addition, we used exogenous SA application to mimic the whitefly infestation. When plants were simultaneously exposed to T. urticae infestation and SA application, SA had a significantly negative effect on the attraction of predatory mites at all four SA doses studied (Fig. 1B) . In plants that had either first been infested with T. urticae and subsequently been sprayed with SA or those that had been treated in the reverse order, the lowest dose of SA (0.01 mM) enhanced the attraction of predatory mites; at higher SA dosages, the positive effect of SA on predator attraction disappeared, and at a dose of 1.0 mM SA a significant, negative effect on the attraction of predatory mites was recorded (Fig. 1B) .
Taken together, B. tabaci at a density of 50 adults per leaf or SA at a dose of 1.0 mM significantly reduced the attraction of predatory mites to spider-mite-induced Lima bean volatiles, irrespective of the treatment sequence. We, therefore, used the latter B. tabaci density and SA dose for subsequent bioassays in which plants were simultaneously exposed to T. urticae and B. tabaci or SA.
Volatile Blends from Dual-Damaged Lima Bean Plants. Gas chromatography-mass spectrometry (GC-MS) analysis revealed that 10 major compounds were consistently released from plants simultaneously treated with T. urticae and B. tabaci or SA, and those infested by T. urticae only (Fig. 2) . Quantitative analysis showed that the amount of the monoterpene (E)-␤-ocimene from plants infested with both T. urticae and B. tabaci was lower as compared to the amount emitted from T. urticae-infested plants (ANOVA, F 1, 16 ϭ 4.0, P ϭ 0.06; Fig. 2 A) . The amounts of (E)-␤-ocimene, as well as (Z)-␤-ocimene and an unidentified compound were significantly lower in plants treated with T. urticae plus SA compared to plants infested with T. urticae only (Fig. 2B) .
Effects of (E)-␤-Ocimene on Predator Behavior. In a two-choice olfactory bioassay, predatory mites preferred the odor blend from T. urticae-infested plants over the blend from plants infested with both T. urticae and B. tabaci (Binomial test, P ϭ 0.02); however, predatory mites did not discriminate between them when the odor blend from dual-damaged plants was supplemented with additional (E)-␤-ocimene (Fig. 3) . The preference distribution of predatory mites for these two-choice situations (with or without (E)-␤-ocimene supplementation) was significantly different (GLM, F 1, 7 ϭ 12.47, P ϭ 0.013; Fig. 3 ). These data demonstrate that the reduced emission of (E)-␤-ocimene by dual-damaged plants caused the reduced attraction of predatory mites.
Quantification of Endogenous JA and SA. Subsequently, we quantified the amounts of endogenous JA and SA in plants infested with T. urticae only and plants simultaneously treated with T. urticae and B. tabaci or SA. We sampled the leaves 12 h after the To determine whether or not B. tabaci infestation induces SA in Lima bean plants, we assessed the kinetics of the SA titer in B. tabaci-infested or undamaged Lima bean leaves. The SA titer in leaves infested with B. tabaci for 12 h or 3 days did not differ from the titer in undamaged control leaves. In contrast, after 7 days of B. tabaci infestation the SA titer in infested leaves was 2.0 times larger than in undamaged controls (ANOVA, P ϭ 0.03; Fig. 4C ).
Gene-Expression Changes in Response to B. tabaci Infestation or SA
Treatment. By using quantitative RT-PCR, we quantified the transcript levels of two genes in leaves treated with T. urticae and B. tabaci or SA, compared to leaves infested with T. urticae only. Lipoxygenase (LOX) is a key enzyme in the biosynthesis of JA along the octadecanoid pathway (29) . In Lima beans, JA regulates the expression of PlOS that codes for the enzyme ␤-ocimene synthase (30) . Both the infestation by B. tabaci and the exogenous application of SA significantly reduced LOX transcript levels induced by T. urticae (ANOVA, Whitefly: F 1, 4 ϭ 71.3, P ϭ 0.001; SA: F 1, 4 ϭ 47.2, P ϭ 0.002; Fig. 5A) . B. tabaci caused a marginally significant reduction, while SA led to a significant reduction in T. urticae-induced PlOS transcript levels (ANOVA, Whitefly: F 1, 4 ϭ 6.5, P ϭ 0.06; SA: F 1, 4 ϭ 12.4, P ϭ 0.02; Fig. 5B ).
Discussion
Our results demonstrate that whitefly infestation of spider mite-infested Lima bean plants interferes with the attraction of predatory mites, irrespective of the infestation sequence (Fig.  1 A) . Moreover, our data show that interference with predator attraction was due to a reduction in (E)-␤-ocimene emission from dual-infested plants (Figs. 2 A and 3 ). This terpenoid is known to attract the predatory mite P. persimilis (6, 31) . Similarly, the application of SA also interfered with spider-mite induced predator attraction, irrespective of treatment sequence, and also resulted in a reduced (E)-␤-ocimene emission (Figs. 1B and 2B). These data suggest that the interference with indirect plant defense caused by B. tabaci infestation may be mediated by the SA signaling pathway.
A few studies documented effects of infestation by phloemfeeding insects on plant responses induced by other herbivore species (14, 32, 33) . For instance, B. tabaci suppressed the emission of three terpenoids that were induced by simultaneously feeding caterpillars in cotton plants (33) . In contrast, the aphid Myzus persicae caused an increased emission of volatiles Choices between odor sources were statistically analyzed with a two-sided binomial test, and choices before and after adding (E)-␤-ocimene (indicated by the accolade) was analyzed with GLM, the significance of which is indicated behind the bracket ( * , P Ͻ 0.05). triggered by spider mites in pepper plants, and consequently increased the attraction of predators to plants infested with aphids and spider mites (14) . However, the signal-transduction mechanisms underlying these effects of phloem-feeding insects remain unknown, although interactions between different defense signal-transduction pathways have been suggested to play a role (33) .
It is important to note that additional B. tabaci infestation might influence the performance of spider mites, as competition between the two herbivores might alter nutritional or morphological plant traits. Such an influence could have resulted in a reduction in the damage inflicted by spider mites, leading to a reduction in plant volatile emission (34, 35) . However, we have observed that spider mites laid more eggs on B. tabaci-infested or SA-treated plants as compared to uninfested plants (see SI Text and Fig. S1 ), which shows that B. tabaci infestation or SA application did not negatively interfere with the feeding behavior of spider mites. Therefore, the reduction in (E)-␤-ocimene emission was not caused by a reduction in spider mite feeding intensity on dual-infested plants. Thus, Lima bean plants that are infested by B. tabaci provide the spider mites with an increased reproduction rate and a reduced attraction of predators. This means that the infestation with B. tabaci, as well as the application of SA, reduces both the direct and the indirect defense and consequently, spider mites are expected to prefer B. tabaciinfested or SA-treated plants over uninfested leaves. This indeed is the case: in a two-choice assay, spider mites preferred to settle on leaves from a plant that had been infested by B. tabaci or treated with SA over uninfested leaves (see SI Text and Fig. S2 ).
Herbivore-induced plant volatile emission is known to be mainly regulated by the octadecanoid or JA signal-transduction pathway (4, 5) . For instance, in Lima bean plants, spider mites induced the accumulation of JA and SA levels, of which JA played a key role in regulating volatile emission (11, 12) , although SA also played a role (8) . However, herbivores belonging to different feeding guilds have been shown to elicit distinct defense pathways in plants. Chewing insects induce JAdependent defense responses, whereas piercing-sucking insects frequently induce SA-dependent defense responses (19) (20) (21) . Considering the well-known cross-talk between JA and SA signaling pathways (28) , it might be expected that B. tabaciinduced responses had an impact on the JA-regulated volatile emission. Indeed, we demonstrate that B. tabaci infestation inhibited JA synthesis induced by spider mites and JA-regulated (E)-␤-ocimene emission. Bemisia tabaci infestation not only suppressed the expression of a key gene involved in the JA signaling pathway (LOX, 36), but also suppressed the JA production triggered by spider mites (Figs. 3A and 4A ). Furthermore, the transcript level of the JA-regulated PlOS gene coding for ␤-ocimene synthase was also suppressed by B. tabaci infestation in dual-damaged plants (Fig. 4B) , which correlates well with the reduction in (E)-␤-ocimene emission (Fig. 2 A) . Unexpectedly, B. tabaci infestation at the same time interfered with the SA induction by spider mites (Fig. 4B) . Indeed, we observed that even if Lima bean plants were only infested by B. tabaci this did not induce SA production 12 h after infestation (Fig. 4C) . Also in plants infested with spider mites plus whiteflies, but not in plants only infested with spider mites, the SA level increases with longer infestation time ranging from 12 h until 7 days (see SI Text and Fig. S3 ). After 3 days of infestation, the PlOS transcript level is not yet reduced relative to plants infested with spider mites only, while at 7 days the PlOS transcript level in plants infested with both herbivores is half of that recorded for plants only infested with spider mites (see SI Text and Fig. S4 ). From these data, we conclude that the interference by B. tabaci with the plant's indirect defense is due to the suppression of the JA signaling pathway. Considering that external SA application highly mimicked the effects of B. tabaci infestation in behavioral, volatile, and phytohormone assays, this suggests that SA-related signaling is involved in the interference caused by B. tabaci. Further work is needed to identify the mechanisms along which whitefly feeding reduces the biosynthesis of both JA and SA and the possible involvement of other phytohormones.
Considering the polyphagous nature and wide distribution of B. tabaci, it is reasonable to assume that interactions with other herbivores are common. As B. tabaci densities in the field have been reported to be much higher than those used in the present study (37) , it is likely that under natural conditions the interference by B. tabaci in indirect plant defense against other herbivores can be even stronger than observed in our experiments.
It is well-established that HIPVs function as important cues in interactions between plants and the natural enemies of herbivores. The discovery that combined infestations by phloemfeeding insects and cell-content feeding herbivores that commonly occur under natural circumstances affect plant-carnivore interactions, demonstrates that chemically mediated interactions in nature are more intricate than previously thought (38) . To understand the selective pressures operating in the evolution of indirect plant defense, plant responses to multiple herbivores should be addressed. The fitness advantages to JA-inducing herbivores are obvious because the interference by phloemfeeding insects reduces the predation risk imposed by predators, and moreover, the associated suppression of JA-mediated direct defense may benefit herbivore growth rate (Figs. S1 and S2) (39) . However, from the plant's perspective, defenses against multiple herbivores belonging to different feeding guilds might result in higher costs that exert selection on the evolution of indirect plant defenses.
Materials and Methods
Plants. Lima bean plants (Phaseolus lunatus L., cv Sieva) were grown in a greenhouse compartment at 25 Ϯ 5°C, 50 -70% R.H., and a photoperiod of 16L:8D. Plants were used in experiments when the two primary leaves were fully unfolded, which occurred between 10 -15 days after sowing.
Insects and Mites. Two-spotted spider mites, Tetranychus urticae (Acari: Tetranychidae), were reared on Lima bean plants in a greenhouse compartment (25 Ϯ 5°C, R.H.50 -70%, 16L:8D). Whiteflies, Bemisia tabaci (Hemiptera: Aleyrodidae), were maintained on Poinsettia (Euphorbia pulcherrima) plants in a separate greenhouse compartment (25 Ϯ 5°C, R.H.50 -70%, 16L:8D). Predatory mites, Phytoseiulus persimilis (Acari: Phytoseiidae), were reared on detached Lima bean leaves infested with spider mites in Petri dishes in a climate cabinet (23 Ϯ 2°C, R.H.50 -70%, 16L:8D). Female predatory mites were used 1-3 days after the final molt for experiments. Before experiments, predatory mites were starved for 2-3 h by individually confining them in Eppendorf tubes.
Olfactometer Experiments. Responses of predatory mites to plant volatiles were tested in a Y-tube olfactometer that has been extensively described elsewhere (31, 40) . In short, two odor sources are used to generate two laminar airflows in a Y-shaped glass tube. Individual adult female predatory mites are released at the downwind side of the tube and their choice for either odor source is recorded. Each odor comparison was repeated on 3-4 days with 20 predatory mites per day.
Spider Mite and Whitefly Infestation. In these experiments, the density of T. urticae was fixed at 10 adults per leaf, which is sufficient to induce the attraction of predatory mites (35) , while different B. tabaci densities were used. In total, four densities of B. tabaci were used, being 13, 25, 50, and 100 adults per two-leaf-plant. During the treatment period, plants were placed in a cage (30 ϫ 40 ϫ 60 cm); and whiteflies were released into the cage and allowed to feed and oviposit on the plant. Collection of Headspace Volatiles. Volatiles emitted by Lima bean plants were collected using a dynamic headspace collection system similar as described by Bruinsma et al. (41) . One plant was transferred to a 5-L glass vessel (Duran). Purified air was split into two air streams with a constant flow of 200 mL/min.
The system was purged for 1 h with purified air before attaching a tube filled with 120 mg Tenax TA (Grace-Alltech) to the air outlet in the lid to trap the headspace volatiles. Headspace collections were carried out in a climate chamber at 23 Ϯ 1°C, 60 Ϯ 5% R.H. Volatile collection lasted for 2 h.
Chemical Analysis of Volatiles. Headspace samples were analyzed as described in detail by Bruinsma et al. (41) . First, traps were flushed with helium (30 mL/min) for 15 min to remove moisture and oxygen. Samples were thermally desorbed at 220°C for 5 min and refocused on a sorbent trap at 0°C. Volatiles were injected on the analytical column (Rtx-5ms, 30 m ϫ 0.25 mm ID, 1.0-m film thickness, Restek) with a split flow of 20 mL/min by heating the cold trap to 250°C for 3 min. The temperature programs of the GC were as follows: 40°C (3-min hold), 10°C min Ϫ1 to 280°C (3-min hold). The column effluent was ionized by electron impact ionization (70 eV). Mass scanning was done from 33 to 250 m/z. Compounds were identified by comparing the mass spectra with those of authentic standards or with NIST 05 and Wiley library spectra. Quantification of identified compounds was based on comparison with a set of authentic compounds injected in different concentrations ranging from 100 ng to 10 g/L methanol. Response factors were linear for all reference compounds within this concentration range. Quantification of Endogenous JA and SA. The quantification of endogenous JA and SA followed a protocol from Schulze et al. (42) . Samples were analyzed on a Finnigan GCQ Instrument (Thermo Electron) running in a CI-negative ion mode, as described by Schulze et al. (42) .
Effects of (E)-␤-Ocimene on Predatory
Quantitative Real-Time PCR. Total RNA extraction, purification, and cDNA synthesis were done as described by Zheng et al. (43) . To quantify lipoxgenase (LOX) and P. lunatus ocimene synthase (PlOS) transcript levels, real-time quantitative RT-PCR was performed in a Rotor-Gene 6000 machine (Corbett Research) with a 72-well rotor. The amplification reactions were performed in 25 L final volume containing 12.5 L ABsolute TM QPCR SYBR Green Mix (ABgene), 1 L forward primer (2 M) and reverse primer (2 M) pairs (final primers concentration: 80 nM), and 1 L cDNA (10 ng/L) first strand template. The PCR program was the same as described by Zheng et al. (43) . The genespecific primers of LOX (GenBank accession X63521), PlOS (GenBank accession EU194553) and PlACT1 (GenBank accession DQ159907) as housekeeping gene were designed with the Beacon Designer software (Premier Biosoft International) set to an annealing temperature of 56°C. LOX primers were F-LOX (5Ј-GGAATGGGACAGGGTTTATG-3Ј) and R-LOX (5Ј-CAAAGTCACTGGGCT-TCTCA-3Ј). Its predicted length was 176 bp. PlOS primers were F-PlOS (5Ј-TGCATGGGTCTCAGTCTCTG-3Ј) and R-PlOS (5Ј-TGCTGCTTCCCCTCTCTCTA-3Ј). Its predicted length was 189 bp. PlACT1 primers were F-PlACT1 (5Ј-CCAAGGCTAACCGTGAAAAG-3Ј) and R-PlACT1 (5Ј-AGCCAGATCAAGAC-GAAGGA-3Ј). Its predicted length was 208-bp. These primer sequences were blasted against the NCBI nucleotide and EST database to ascertain that they are not homologous to other genes. The LOX and PlOS expression relative to PlACT1 expression were quantified by comparing the threshold cycle for each PCR to their respective dilution series and dividing the resulting quantities.
Statistical Analysis.
Binomial tests were performed to analyze the Y-tube olfactometer experiments. When analyzing the differences in the choice distributions of predators across treatments, a Generalized Linear Model with a logit-link function and binomial distribution of error variance was used. Predators that did not make a choice were excluded from the analysis. Fisher protected least significant difference (PLSD) tests of ANOVA was used to analyze volatile and phytohormone data. The data of gene expression were log-transformed and statistically analyzed by a one-way ANOVA.
